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In Brief
Tian et al. reveal that a cytokinetic
scaffold protein, Anillin, is essential for
neuronal migration and neurite growth
during C. elegans neuroblast
development. Anillin is recruited to the
leading edge through an association with
the active MIG-2/RhoG and stabilizes the
actin cytoskeleton by antagonizing the F-
actin severing activity of Cofilin.
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Neuronal migration and neurite growth are essential
events in neural development, but it remains unclear
how guidance cues are transduced through recep-
tors to the actin cytoskeleton, which powers these
processes. We report that a cytokinetic scaffold pro-
tein, Anillin, is redistributed to the leading edge of the
C. elegans Q neuroblast during cell migration and
neurite growth. To bypass the requirement for Anillin
in cytokinesis, we used the somatic CRISPR-Cas9
technique to generate conditional mutations in Anil-
lin. We demonstrate that Anillin regulates cell migra-
tion and growth cone extension by stabilizing the
F-actin network at the leading edge. Our biochemical
analysis shows that the actin-binding domain of Anil-
lin is sufficient to stabilize F-actin by antagonizing the
F-actin severing activity of Cofilin. We further un-
cover that the active form of RhoG/MIG-2 directly
binds to Anillin and recruits it to the leading edge.
Our results reveal a novel pathway in which Anillin
transduces the RhoG signal to the actin cytoskeleton
during neuronal migration and neurite growth.
INTRODUCTION
The establishment of the nervous system depends on the accu-
rate positioning of neurons and the correct sprouting and elon-
gation of neurites, which provide the foundation for proper
neuronal connectivity and function [1]. Neuronal migration and
growth-cone motility are initiated by the activation of membrane
receptors through environmental cues and followed by the polar-
ization of the actin cytoskeleton and the extension of the leading
edge at the front of the cell [1–3]. Despite the wealth of informa-
tion about guidance cues, receptors, and the machinery that
powers motility, our understanding of the connection between
receptor activation and the actin cytoskeleton remains relatively
incomplete.
Members of the Rho family of small GTPases have emerged
as essential regulators of neuronal migration and neurite
outgrowth [3, 4]. These enzymes direct multiple signaling
pathways with precise spatial regulation and drive many
cellular activities including the reorganization of the actin cyto-
skeleton: RhoA induces the formation of stress fibers andCurrent Biology 25, 11focal adhesions, Rac promotes actin assembly and the forma-
tion of lamellipodia, and Cdc42 is involved in the generation of
filopodia [4, 5]. In contrast, RhoG (Ras homology growth-
related) is one of the less understood Rho family members.
Although RhoG was shown to regulate neural development,
phagocytosis, and cell growth and survival, the downstream
effector of RhoG is largely unexplored [3, 6–8]. Genetic
studies revealed that the C. elegans RhoG homolog, MIG-2,
is required for neuronal migration and neurite growth, but
the underlying cellular mechanisms have not been well ad-
dressed [9].
Anillin is an evolutionarily conserved scaffold protein that plays
critical roles in the maintenance of appropriate furrow posi-
tioning and the formation of a stable midbody during cytokinesis
[10–12]. Originally isolated as an F-actin binding and bundling
protein from Drosophila embryo extracts [13, 14], Anillin has
been implicated in a RhoA-dependent pathway that promotes
Anillin’s interactionwith numerous furrow components, including
actomyosin, septins, microtubules, and the plasma membrane
[10–12, 15–19]. Although Anillin has been primarily considered
to be a central organizer in the cytokinetic machinery, emerging
evidence indicates that Anillin has potential roles outside of cyto-
kinesis. In the epithelium of Xenopus embryos, Anillin was
demonstrated to regulate the integrity of cell-cell junctions by
organizing the junctional enrichment of RhoA-GTP and actomy-
osin [20]. DuringC. elegans embryogenesis, Anillin appears to be
essential for ventral enclosure, a process in which epidermal
cells encase the ventral surface of the embryos. However, it is
unclear whether Anillin directly regulates epidermal cell migra-
tion or whether Anillin acts in a non-autonomous manner to
control cytokinesis in the underlying neuroblasts that secrete
guidance cues for epidermal cell migration [21]. Moreover, hu-
manAnillin is strongly expressed in adult neural tissues, suggest-
ing that Anillin may have an unknown function in post-mitotic
neurons [22].
Here, we show that C. elegans Anillin is asymmetrically local-
ized to the leading edge during neuroblast migration and neu-
rite outgrowth. By generating Anillin conditional knockout
animals, we demonstrate that Anillin regulates neuronal migra-
tion and neurite growth by antagonizing the F-actin severing
activity of Cofilin at the leading edge. We further reveal that
Anillin is a novel effector of RhoG/MIG-2 and that active
MIG-2 recruits Anillin to the leading edge. Our findings thus
reveal a previously unknown pathway in which Anillin links
RhoG signaling to the actin cytoskeleton during neural
development.35–1145, May 4, 2015 ª2015 Elsevier Ltd All rights reserved 1135
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Figure 1. Dynamic Localization of Anillin
during C. elegans Q Neuroblast Develop-
ment and the Generation of Conditional
Anillin Knockouts
(A) Schematic of GFP-tagged Anillin localization in
Q neuroblast lineages. QL and QR neuroblasts
divide three times and generate three neurons (QL:
PQR, PVM, and SDQL; QR: AQR, AVM, and
SDQR) and two apoptotic cells (X).
(B) Fluorescence images of GFP-tagged Anillin
(green) and an mCherry-tagged plasma mem-
brane and histone (red) in the QR lineage. Left,
inverted images of GFP-Anillin; right, merged im-
ages. See Figure S1 for the QL lineage.
(C) Quantification of the GFP or mCherry fluores-
cence intensity ratio between the cell cortex and
the nucleus in the Q cell lineages. The error bars
indicate the SD. n = 10–20. ***Significant differ-
ence at p < 0.001 by Student’s t test.
(D) Fluorescence time-lapse images of GFP-tag-
ged Anillin during the dendritic outgrowth of the
QR.ap cell. Yellow arrow, the direction of neurite
growth; white arrow heads, the enrichment of
GFP::ANI-1 in the growth cone; asterisks; cell
body labeled with mCherry-tagged plasma mem-
brane and histones.
(E) Schematic of ani-1 gene model and sgRNA
sequences (sg1 and sg2 target the first and sec-
ond exon, respectively). MBD, myosin-binding
domain; ABD, actin-binding domain; AHD, Anillin
homology domain; PH, Pleckstrin homology
domain.
(F) Representative gels of the T7EI assay for ani-1
PCR products amplified from the genomic DNA of
worms expressing Phsp::Cas9 and PU6::ani-1-sg1
(left) or PU6::ani-1-sg2 (right) with or without heat-
shock treatment.
(G and H) Quantification of embryo survival rates
(G) and the loss of A/PQR neuronal phenotypes (H)
in WT and ani-1 conditional knockouts. n = 50–100
from three generations.
Scale bars in (B) and (D), 5 mm. See also Figure S1
and Table S1, S2, and S3.RESULTS
Dynamic Distribution of Anillin during C. elegans
Q Neuroblast Development
C. elegans Q neuroblasts on the left (QL) or the right (QR) of L1
larvae undergo three rounds of asymmetric cell division to
generate three distinct neurons and two cells that undergo
apoptosis (Figure 1A) [23, 24]. Among the three C. elegans pro-
teins with homology to Anillin, we chose to study the distribution
and function of ANI-1 during Q neuroblast development because
it has the highest overall conservation with the proteins of other
metazoans. Moreover, ANI-1 regulates actomyosin contractility
during cytokinesis or polar body emission, and ANI-2 has been
implicated to function during oogenesis by stabilizing the inter-
cellular bridge and organizing germline syncytia, whereas ANI-3
appears to be dispensable for development [16, 17, 21, 25].
We first studied the cellular localization of Anillin during
Q cell development. As expected, GFP-tagged Anillin1136 Current Biology 25, 1135–1145, May 4, 2015 ª2015 Elsevier Ltd(GFP::ANI-1) accumulates at the cleavage furrow and in the
midbody during cytokinesis (Figure S1A; Movie S1), and
GFP::ANI-1 then enters the nuclei of the Q, Q.a, Q.p, and
Q.pa cells during interphase (Figures 1A and 1B). Quantifica-
tion of the fluorescence intensity ratio between the cell cortex
and the nuclei indicated that GFP::ANI-1 on the cortex is only
0.4- to 0.9-fold of that in the nucleus (Figure 1C), which is
consistent with the distribution of Anillin in other cell types dur-
ing the cell cycle. Unexpectedly, we found that GFP::ANI-1
does not enter the nucleus but rather redistributes to the lead-
ing edge of the migrating Q.ap, Q.paa, and Q.pap cells, and
that GFP::ANI-1 is 2.7- to 2.9-fold brighter at the cell cortex
than in the nucleus (Figures 1A–1C). During the Q.ap dendritic
outgrowth, GFP::ANI-1 specifically accumulates in the growth
cone (Figure 1D). In both the QL and QR lineages, GFP::ANI-1
shows a similar enrichment at the leading edge or in the growth
cone (Figures 1D, 6A, S1C, and S5A; Movies S1 and S2). We
did not detect any change in red fluorescence of theAll rights reserved
APQRAQRWT
*
A P
*
ani-1
B
Migration Defect in ani-1-sg1 (%)
Wild-Type
Pegl-17::Cas9
Phsp::Cas9
Pegl-13::Cas9
0 5 10 15 20
AQR AQR
WT; F-actin; Membrane
ani-1; F-actin; Membrane
0 min
QR.a
QR.p
10 25 30
QR.a
QR.p
35
40 50 70 80 90
A P
QR.a
QR.p
0 min 2 4 6 8
12 9 15 18 
A P QR.a QR.p
QR.aa
QR.ap QR.p
QR.pa QR.pp
21
C
D
E
PQR
AVM
PVM
W
T
an
i-1
AVM
*
*
*
*
*
* PVM
PQR
AVM
PVM
PQR
Neurite Defect in ani-1-sg1 (%)
0 5 10 15 20
F
PQR
Vulva
PQR
A PA P
Figure 2. Defects in Q Neuroblast Asym-
metric Division, Migration, and Neurite
Growth in Anillin Conditional Knockouts
(A and B) Fluorescence time-lapse images of GFP-
tagged F-actin and mCherry-tagged plasma
membrane during QR.a (yellow arrows) and QR.p
(white arrows) cytokinesis in WT (A) or ani-1 con-
ditional knockouts (B). Dotted white lines show the
periphery of dividing QR.a cells.
(C) Schematics (top) and fluorescence inverted
images (bottom) of the A/PQR position in WT and
ani-1 conditional knockouts. A/PQR neurons were
visualized using Pgcy-32::mCherry. The image is
inverted so that high mCherry fluorescence in-
tensity is black. The cell identities are denoted
adjacent to the cells. Dotted blue lines show the
periphery of C. elegans. The red arrow indicates
the C. elegans anus.
(D) Neurites from AVM, PVM, and PQR neurons in
WT (top) and ani-1 conditional mutants (bottom).
The pink or blue arrows indicate the dorsal-ventral
or anterior-posterior growth of the neurites in WT
animals, and the red arrows show the abnormal
neurites.
(E and F) Quantification of defects in Q cell
migration (E) and neurite growth (F) in ani-1 con-
ditional knockouts. (n = 60–100). Statistical sig-
nificance: ***p < 0.001 based on Student’s t test.
Asterisk, cell body. Scale bars in (A), (B), and (D),
5 mm; scale bars in (C), 50 mm. See also Figure S2
and Tables S2 and S3.mCherry-tagged plasma membrane and histone throughout Q
cell development (Figures 1B and 1C). The dynamic changes
in GFP::ANI-1 localization suggest that Anillin may function in
cell migration and neurite growth.
Generation of Conditional Knockouts of Anillin Using
Somatic CRISPR-Cas9
To bypass the essential roles of Anillin in embryonic develop-
ment and cytokinesis, we used the somatic CRISRP-Cas9
technique to create conditional mutations of ani-1 (Figures 1E
and 2) [26]. We constructed transgenic animals that expressed
Cas9 under the control of a heat-shock inducible promoter
(Phsp) or Q cell lineage-specific promoters and ubiquitously ex-
pressed two single-guide RNAs (sgRNAs) using the U6 gene
promoter (PU6). T7 endonuclease I (T7EI)-based assays
demonstrated that these transgenic animals generated molec-
ular lesions with the expected sizes at the target loci of ani-1
after heat-shock induction of Cas9 expression (Figure 1F).Current Biology 25, 1135–1145, May 4, 2015 ªHeat-shock treatment did not cause de-
fects in embryonic viability or inhibit
larval development in wild-type (WT) an-
imals; however, the conditional ani-1
mutant embryos exhibited embryonic
lethality with penetrances of 55%
(ani-1-sg1) and 35% (ani-1-sg2) and
larval arrest phenotypes in 18% of
ani-1-sg1 and 35% of ani-1-sg2 animals
(Figure 1G), which are consistent with
the phenotypes of ani-1 RNAi animals.C. elegans ANI-1 was previously reported to be dispensable
for cytokinesis in early embryos, whereas recent studies showed
that ANI-1 is essential for cytokinesis in embryonic neuroblasts
and vulval precursor cells [16, 17, 21, 27]. We first determined
whether ANI-1 regulates Q neuroblast division. We used the
gcy-32 promoter to express mCherry in four oxygen sensory
neurons, two of which, AQR and PQR (A/PQR), are the progeny
of Q.a cells. We could not detect A/PQR in 13%–22% of ani-1
conditional knockouts (Figure 1H), indicating that Q cell asym-
metric division or differentiation was defective. To further dissect
the role of ANI-1 in Q cell development, we monitored the dy-
namics of the membrane (Myri::mCherry) and the actin cytoskel-
eton (GFP::moesinABD) in dividing Q.a and Q.p cells. In WT
animals, the Q.a and Q.p cells proceeded through cell division
and produced two daughter cells of different sizes; F-actin
became enriched at the cytokinetic ring, and contractility was
well controlled throughout cytokinesis (Figure 2A for the QR line-
age and S2A for the QL lineage; Movie S3). In the ani-12015 Elsevier Ltd All rights reserved 1137
conditional knockouts, furrow contraction began normally, and
F-actin localized to the furrow as it did inWT cells. However, after
the furrow had constricted almost to the end, the cleavage
furrow regressed, resulting in cytokinesis failure (Figure 2B,
25 min for QR.a and 80 min for QR.p; Figure S2B for QL.a/p;
Movie S3). Thus, C. elegans ANI-1 is required for the completion
of cytokinesis in Q neuroblasts, which is consistent with the crit-
ical roles of Anillin in the cytokinesis ofDrosophila and human cell
lines [10, 12]. Collectively, we successfully generated C. elegans
Anillin conditional knockout animals using somatically ex-
pressed CRISPR-Cas9.
C. elegans Anillin Regulates Q Cell Migration and
Neurite Growth by Stabilizing the Actin Cytoskeleton
at the Leading Edge
We studied the function of Anillin in neuronal migration and neu-
rite growth. We showed that 20% of A/PQR neurons reduced
their migration distance in ani-1 conditional mutants (Figures
2C and 2E). To determine whether the incomplete penetrance
is resulted from worm-to-worm variability, we performed sin-
gle-worm PCR and T7EI assay in 40 transgenic worms express-
ing Phsp::Cas9; PU6::ani-1-sg. Among these animals, nine
developed Q cell migration phenotypes, and all of themwere de-
tected with ani-1mutations; however, for the rest 31 worms that
were normal in cell migration, only six carried ani-1 mutations,
indicating that some animals have a strong loss of Anillin function
but other do not. We further examined the Q cell migration
phenotype in transgenic animals in which Cas9 was expressed
under the control of the Q cell lineage-specific promoters Pegl-
17 or Pegl-13 (Figure 2E). Pegl-17 is expressed during the early
stage of Q cell development [28], whereas Pegl-13 becomes
activated only after the birth of A/PQR neurons [29]. We showed
that 14% and 10%of A/PQR neurons in Pegl-17::Cas9 and Pegl-
13::Cas9 animals, respectively, reduced their migration
(Figure 2E).
We also found that 10% of the ani-1 conditional knockout
worms developed neurites whose positioning and extent of
growth are perturbed, and the neurites are defective in the for-
mation, guidance, or branching (Figures 2D, 2F, and S2C). In
WT animals, AVM and PVM neurons first extend their neurites
in the dorsal/ventral (D/V) direction and then elongate along the
anterior/posterior (A/P) axis of the animal, and the PQR dendrite
sprouts toward the posterior, with the axon sprouting toward the
anterior. In ani-1 conditional knockouts, AVM improperly
extended its axon to the posterior, the PVM axon skipped the
initial D/V growth, and PQR developed its axon toward the pos-
terior (red arrows in Figure 2D). We only examined the pheno-
types of neuronal migration and neurite growth in neurons that
are mono-nucleated, and these defects may not be secondary
due to the failure of cytokinesis. Since neuronal migration and
neurite growth occur immediately after cytokinesis, the residual
amount of Anillin may be able to support both processes,
causing an underestimated penetrance of the phenotypes in
mono-nucleated neurons of ani-1 conditional mutants.
Next, we examined cell morphology and the actin cytoskel-
eton during Q cell migration and neurite growth in WT and
ani-1 conditional knockouts. In WT animals, QR.ap polarizes
toward the anterior and extends a lamellipodium with an enrich-
ment of F-actin at the leading edge, and, after the cell body ar-1138 Current Biology 25, 1135–1145, May 4, 2015 ª2015 Elsevier Ltdrives at the final destination, its leading edge continues to elon-
gate and form the growth cone during neurite growth (Figures
3A and 3C; Movies S4 and S5). We showed that the F-actin
(GFP::moesinABD) was asymmetrically accumulated at the
leading edge (Figure 3E). Strikingly, we found that Q cell
morphology was altered in ani-1 conditional knockout animals,
including the formation of a split leading edge during migration
and a branched and misguided growth cone during neurite
growth (Figures 3B and 3D; Movies S4 and S5). We further
showed that GFP::moesinABD was largely reduced at the lead-
ing edge (Figures 3B, 3D, and 3E): the fluorescence intensity ra-
tio between the green F-actin and the red plasma membrane
was decreased from 4.2- to 0.3-fold during Q cell migration
and from 4.0- to 0.2-fold during neurite growth in ani-1 condi-
tional knockouts (Figures 3F and S3). Thus, Anillin regulates
neuronal migration and neurite growth by stabilizing the actin
cytoskeleton in the leading edge.
The Anillin Antagonizes the Severing Activity of Actin
Filaments Mediated by Cofilin
We sought to dissect the biochemical pathway through which
Anillin establishes appropriate F-actin organization. Previous
studies revealed that Anillin acts as a scaffold protein to organize
actomyosin [10–12]. However, Anillin may function distinctly dur-
ing cell migration becausemyosin II does not reside in or function
in the physical organization of lamellipodium, even though
myosin II playsmultiple roles in cell migration [30]. We first exam-
ined the distribution of GFP-labeled non-muscle myosin II
(NMY-2::GFP) in relation to mCherry-tagged Anillin or F-actin
during Q cell migration. We showed that NMY-2::GFP did not
co-localize with mCherry-tagged Anillin or F-actin at the leading
edge (Figures 4A and 4B). Instead, NMY-2 was located approx-
imately 0.5 mm behind Anillin or F-actin away from the leading
edge of the migrating Q cells, whereas Anillin and F-actin co-
localizedwith each other (Figure 4C). These results are consistent
with the established function of myosin II in cell migration and
suggest that Anillin may act only with F-actin at the leading edge.
To directly characterize the effect of Anillin on the actin cyto-
skeleton, we prepared the recombinant full-length Anillin protein,
its myosin-binding and actin-binding domains (MBD-ABD), or its
actin-binding domain (ABD) (Figures 4D, S4A, and S4B). Under a
low centrifugation force (see the Supplemental Experimental
Procedures), we showed that the presence of Anillin or its
MBD-ABD domain increased the amount of preassembled actin
filaments in the pellet (Figure 4E; Plastin 3 as the positive control),
suggesting that Anillin may organize actin filaments into higher-
order structures. This bundling activity was further confirmed
by directly visualizing the effects of these Anillin constructs on
preassembled actin filaments under a fluorescence microscope
(Figure 4F). We next determined whether Anillin stabilizes actin
filaments using a dilution-mediated actin depolymerization
assay. Without any protection, actin filaments depolymerized
into G-actin after dilution, causing a reduction in fluorescence
(green lines in Figure 4G). The addition of the full-length Anillin,
its MBD-ABD or even its ABD alone inhibited the F-actin disas-
sembly in a dose-dependent manner (Figure 4G). Anillin and its
domains did not promote actin assembly in vitro (Figure S4D).
Together, our results indicated that the C. elegans full-length
Anillin bundles F-actin, as previously demonstrated forAll rights reserved
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Figure 3. Actin Filaments at the Leading
Edge during Q Cell Migration and Neurite
Growth inWTandAnillin Conditional Knock-
outs
(A–D) Fluorescence time-lapse images of GFP-
tagged F-actin and mCherry-tagged plasma
membrane during QR.ap cell migration (A and B)
and neurite growth (C and D) in WT (A) and (C) and
ani-1 conditional mutants expressing Pegl-
17::Cas9; PU6::ani-1-sg1 (B) and (D). For QR.ap
migration, themagnified views of QR.ap are shown
in the lower panels of (A) and (B). Yellow arrows
indicate the normal directions of cell migration or
neurite growth, and white arrowheads show the
neurites with branched leading edges or defective
guidance in ani-1 conditional knockouts. Scale
bar, 5 mm.
(E) Quantification of F-actin fluorescence intensity
at the leading edge during cell migration (left) or in
the growth cone during neurite growth (right) in WT
and ani-1 conditional knockouts.
(F) Fluorescence intensity ratio between GFP-F-
actin and mCherry-membrane (the internal con-
trol). Statistical analyses of the reduction in F-actin
at the leading edge or the growth cone in ani-1
conditional knockouts: ***p < 0.001 based on
Student’s t test.
See also Figure S3 and Tables S2 and S3.Drosophila and vertebrate Anillin [13, 18], and that its actin-bind-
ing domain alone has a previously uncharacterized role in stabi-
lizing F-actin in vitro.
We next examinedwhether Anillin stabilizes the actin cytoskel-
eton by counteracting the effect of an F-actin severing factor
such as Cofilin [2]. The actin-binding domains (ABDs) can play
distinct roles in Cofilin-based F-actin severing: although most
ABDs can antagonize the severing, the ABD of Fimbrin1 does
not and the ABD of Arg (Abl-related protein) even enhances Co-
filin-mediated severing [31, 32]. We thus determined whether
Anillin antagonizes the F-actin severing activity of Cofilin. We first
prepared recombinant C. elegans Cofilin/UNC-60 protein (Fig-
ure S4C) and showed that the addition of 500 nmol/l (nM)
UNC-60 to preassembled F-actin generated breaks along actin
filaments (Figure 5A, red arrows; Movie S6). We then added
200 nM full-length Anillin protein, 1.5 mM MBD-ABD, or 2 mM
ABD into UNC-60-mediated F-actin severing reactions, and we
did not detect the obvious breaks along actin filaments that
should have been generated by UNC-60 (Figure 5A; Movie S6).Current Biology 25, 1135–1145, May 4, 2015 ªWe showed that both UNC-60-mediated
filament severing and monomer dissocia-
tion were significantly inhibited by Anillin
and its MBD-ABD and ABD (Figure 5B).
To further explore the antagonism be-
tween Anillin and Cofilin in vivo, we exam-
ined the migration defects in transgenic
animals in which the activity of Anillin or
Cofilin was altered. The dephosphoryla-
tion of the highly conserved serine 3 in
UNC-60 was previously shown to
enhance the F-actin severing activity ofCofilin. Although the overexpression of an activated Cofilin/
UNC-60(S3A) in WT animals did not cause defects in Q cell
migration, UNC-60(S3A) overexpression enhanced Q cell migra-
tion phenotypes from 16% to 37% in ani-1 conditional knockouts
(Figure 5C). The expression of GFP-tagged Anillin at a low con-
centration did not affect Q cell migration (Figure 1B and 2 ng/ml
plasmid of GFP::ANI-1 for germline injection), however, the over-
expression of GFP::ANI-1 with the transformation of 20 and
50 ng/ml plasmid caused defects in Q cell migration in 24%
and 65% of transgenic animals, respectively (Figure 5C). Impor-
tantly, the introduction of UNC-60(S3A) into these animals
reduced the migration defects (Figure 5C). The similar antago-
nism between Anillin and Cofilin was also found during neurite
outgrowth. The overexpression of GFP::ANI-1 caused the defec-
tive neurite growth in 15% Q cell progenies, and the expression
of UNC-60(S3A) either completely rescued (e.g., PVM) or signif-
icantly reduced the defects of neurite growth (Figure 5D).
Consistent with their antagonistic action, we showed that GFP-
tagged UNC-60 accumulates in the leading edge and the growth2015 Elsevier Ltd All rights reserved 1139
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Figure 4. Anillin Co-localizes with F-actin at
the Leading Edge and Stabilizes Actin Fila-
ments In Vitro
(A) Fluorescence images of GFP- or mCherry-
tagged F-actin, myosin, and Anillin in Q cells.
Dotted lines show cell peripheries. Anterior, left.
Scale bar, 5 mm.
(B) Line scans of fluorescence intensities across
the leading edge. The peak intensities of Anillin and
F-actin overlap, whereas the peak intensities
(dotted lines) of myosin and Anillin or F-actin do
not.
(C) Quantification of the distance between Anillin,
myosin, and F-actin at the leading edge (n = 10).
(D) Schematics of the full-length protein or the
MBD-ABD or ABD domains of Anillin. Domain in-
formation is described in the Figure 1E legend.
SDS-PAGE gels of the GST-tagged Anillin protein
or its domains are located in Figures S4A–S4C.
(E) The low-speed co-sedimentation assay
measured the bundling activities of ANI-1 and its
domains. ANI-1 and its MBD-ABD domain, but not
the ABD domain, bundles actin filaments. The re-
action mixture contained 3 mM actin only, actin
with 0.2 mM ANI-1, actin with 0.5 mM plastin 3 as
the positive control (left), or actin with 2 mM MBD-
ABD (right top) or with 2 mM ABD (right bottom).
Themixtures were incubated and then sedimented
at 13,600 3 g. S, supernatant; P, pellet.
(F) Fluorescence micrographs of rhodamine-phal-
loidin staining of the actin filaments in the reactions
described in (E). Scale bar, 20 mm.
(G) Anillin inhibits dilution-mediated actin depoly-
merization. The preassembled actin filaments
(5 mM, 100% Pyrene labeled) were incubated with
various concentrations of ANI-1 or the MBD-ABD
or ABD of ANI-1 for 5 min at room temperature and
then diluted 25-fold into buffer G. Actin depoly-
merization was monitored by tracing the changes
in Pyrene fluorescence.
See also Figure S4 and Tables S2 and S3.cone, indicating that Cofilin and Anillin have the similar localiza-
tion pattern during neuronal migration and neurite outgrowth
(Figure S4E). We did not detect any Q cell migration defects in
unc-60 mutants (n = 68), and neither did we find that the
unc-60mutation could rescue the neuronal migration phenotype
in ani-1 conditional mutants (n = 90), suggesting that Cofilin may
function redundantly with other F-actin severing proteins to
regulate Q cell migration.
Active RhoG/MIG-2 Binds to Anillin and Recruits It to the
Leading Edge
We next addressed the mechanism by which Anillin is recruited
to the leading edge. Previous genetic studies in C. elegans re-
vealed that MIG-2/RhoG promotes Q cell migration by stimu-
lating actin polymerization [9], and we wondered whether Anillin
is a downstream effector of MIG-2. To test this, we introduced
GFP::ANI-1 into mig-2(mu28)-null mutants, and we showed
that GFP::ANI-1 left the plasma membrane and became evenly
distributed in the cytoplasm in mig-2(mu28) animals (Figures
6A–6E for QR.ap; Movie S2). Anillin was located approximately
1.5 mm away from the membrane inmig-2, whereas it was asso-1140 Current Biology 25, 1135–1145, May 4, 2015 ª2015 Elsevier Ltdciated with the membrane in WT cells (Figures 6F and 6G).
Similar results were obtained during QL.ap cell migration in
mig-2(mu28) mutants (Figure S5; Movie S2). Q cell polarity and
migration were previously shown to be disrupted in the constitu-
tively active mig-2(rh17) mutants [24], and we introduced
GFP::ANI-1 into mig-2(rh17) and examined the change in Anillin
localization. In WT animals, GFP::ANI-1 intensity was 2.0-fold as
strong at the leading edge of Q.ap cells as at the lagging edge
(Figures 6C–6E). In mig-2(rh17) mutants, GFP::ANI-1 still local-
ized at plasmamembrane, but its distribution wasmore symmet-
ric compared withWT cells (Figures 6C–6G). These findings indi-
cated that MIG-2 regulates the asymmetric localization of Anillin
to the leading edge. We previously showed that ectopic protru-
sions are formed in 90% of Q.ap cells ofmig-2(rh17) mutant an-
imals [24]; however, we only detected the ectopic protrusions in
52% of Q.ap cells of mig-2(rh17); ani-1-sg1 double-mutant ani-
mals (n = 29), indicating that the loss of Anillin can partially sup-
press the constitutive activation of MIG-2.
These genetic and cell biological interactions led us to test
whether MIG-2 physically associates with Anillin. We performed
yeast two-hybrid assays to detect interactions betweenAll rights reserved







400 20 60 80
UNC-60 (S3A)
ani-1-sg1
ani-1-sg1; UNC-60 (S3A)
ANI-1::GFP (20 ng/μl)
ANI-1::GFP (20 ng/μl);
 UNC-60 (S3A)
ANI-1::GFP (50 ng/μl)
ANI-1::GFP (50 ng/μl);
 UNC-60 (S3A)
Migration Defect (%)
A
F-
ac
tin
 s
ev
er
in
g 
fre
qu
en
cy
br
ea
ks
/ μ
m
/s
 (X
 0
.0
00
1)
A
ve
ra
ge
 s
ub
un
it 
of
f-r
at
e 
su
bu
ni
t/s
B
C
actin actin+UNC-60
actin+UNC-60+ANI-1
actin+UNC-60+ANI-1-MBD-ABD
--actin+UNC-60+ANI-1-ABD
0 sec 60 120 180 240 297
Actin only
Actin+
UNC-60
Actin+
UNC-60+
ANI-1
Actin+
UNC-60+
ANI-1-MBD-ABD
Actin+
UNC-60+
ANI-1-ABD
 
0
2
4
6
8
10
0
1
2
3
4
14
15
16
17
18


0
10
20
5
15
AVM PVM PQR
ANI-1::GFP 
ANI-1::GFP; 
UNC-60 (S3A)
N
eu
rit
e 
G
ro
w
th
 D
ef
ec
t (
%
)
D
  
 
Figure 5. Anillin Antagonizes Cofilin-Medi-
ated Severing Activity
(A) ANI-1 inhibits the severing action of Cofilin/
UNC-60 in vitro. The dynamics of single-actin fil-
aments were visualized by time-lapse TIRF mi-
croscopy in reactions containing actin only; actin
with 500 nM UNC-60; or actin with 500 nM UNC-
60 and 200 nM ANI-1, 1.5 mMMBD-ABD of ANI-1,
or 2 mM ABD of ANI-1. Red arrows show F-actin
breaking events. See also Movie S6. Scale bar,
5 mm.
(B) Quantification of (A). Values in the upper and
lower panels represent the F-actin severing fre-
quency or actin subunit off rates, respectively.
Data represent mean ± SE. n = 3. **Significant
difference at p < 0.01 by Student’s t test.
(C) Quantification of Q cell migration defects in
UNC-60(S3A), ani-1 conditional knockout, and
ani-1 overexpression animals (n = 80–120). ***p <
0.001, **p < 0.01, *p < 0.05 based on c2 test.
(D) Quantification of neurite growth defects in ani-1
overexpression and UNC-60(S3A) animals
(ANI-1::GFP, 50 ng/ml; n = 50–65). ***p < 0.001,
**p < 0.01, *p < 0.05 based on c2 test.
See also Tables S2 and S3.full-length MIG-2 and an Anillin C-terminal fragment (aa 759–
1159) that contains the Anillin homology domain (AHD) and the
PH domain. We observed specific binding of the ANI-1 AHD-
PH to MIG-2 Q65L (GTP locked, constitutively active) and little
binding to WT MIG-2 or MIG-2 T21N (GDP locked, dominant
negative) (Figure 7A). Furthermore, we performed affinity chro-
matography with glutathione S-transferase (GST)-tagged ANI-1
AHD-PH domain and His-tagged MIG-2-WT or constitutively
active MIG-2 Q65L, and we confirmed the specific interaction
of ANI-1 AHD-PH with MIG-2 Q65L (Figure 7B). If this interaction
is of functional significance, the overexpression of the Anillin
AHD-PH domain may cause a dominant-negative effect on Q
cell migration by competing with endogenous Anillin for MIG-2
binding. We therefore overexpressed a C-terminal fragment of
Anillin containing the AHD-PH domain. Indeed, when overex-
pressed, this fragment caused Q cell migration defects in 18%
of transgenic animals (n = 50). The RhoA binding motif in the
AHD-PH domain of Anillin appeared to be essential for gener-
ating this dominant-negative effect, as the overexpression of
the AHD-PH fragment with the deletion of the Rho binding motif
(aa 780–830) [33] did not cause any Q cell migration phenotype
(n = 52). These data together suggested that Anillin is one of
downstream effectors of MIG-2.
We compared Q cell migration phenotypes of mig-2(mu28)
mutants to ani-1 conditional knockouts. We first measured the
migration speed and distance and found that they are similarlyCurrent Biology 25, 1135–1145, May 4, 2015 ªreduced. In WT animals, QL.ap migrates
at 17 mm/hr for 29 mm [24], whereas it
only migrated at 8.4 ± 4.9 mm/hr for
11.2 ± 4.9 mm in mig-2(mu28) animals
(n = 12) or at 9.4 ± 3.7 mm/hr for 13.6 ±
5.3 mm in ani-1 conditional mutants (n =
14). Interestingly, protrusion formation
and polarization were disrupted in all themig-2(mu28) mutants (n = 12) (Figure 6B); however, the loss of
ANI-1 did not perturb protrusion formation or polarization but
generated the split leading edge (Figure 3B, 100%, n = 14).
The distinct cellular defects suggested that MIG-2 may first pro-
mote polarization and protrusion formation and then activate
Anillin to stabilize F-actin at the leading edge.
DISCUSSION
This study identifies a novel mechanism that stabilizes actin fila-
ments at the leading edge during neuronal migration and neurite
growth. We show that Anillin is recruited to the leading edge
through a physical association with an active form of MIG-2/
RhoG and antagonizes the F-actin severing activity of Cofilin
(Figure 7C). Previous studies concerning actin dynamics at the
leading edge focused on Arp2/3-based actin nucleation or Coro-
nin/Cofilin-mediated F-actin disassembly [2], and this study
demonstrates that the stabilization of the actin network by the
RhoG-Anillin pathway is also important for coherent motility. In
addition to stabilizing F-actin at the leading edge, Anillin could
also be important for F-actin localization to these areas in the first
place. Other actin binding proteins may have the similar func-
tions to Anillin and stabilize F-actin at the leading edge or in
the growth cone.
When and where neurite growth first occurs have been
outstanding questions in developmental neurobiology for2015 Elsevier Ltd All rights reserved 1141
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Figure 6. MIG-2 Recruits Anillin to the Lead-
ing Edge
(A and B) Inverted fluorescence images (top) or
merged images (bottom) of GFP-tagged Anillin in
QR.ap cells in WT (A) and mig-2(mu28)-null mu-
tants (B) during migration. The Q cell membrane
and histones are marked with mCherry. Anterior,
left. Scale bar, 5 mm.
(C and D) Fluorescence images (C) and quantifi-
cation (D) of GFP-tagged Anillin and mCherry-
tagged plasma membrane (M) and histone (H) in
WT, mig-2(mu28)-null, and mig-2(rh17) constitu-
tively active mutants. Traces in (D) are line-scan
intensity plots (in a.u.) of the GFP::ANI-1 (green)
and Myri-mCherry (red) signals around the pe-
riphery of QR.a. The trace starts from the posterior
of QR.a and moves counterclockwise along the
cell periphery to the anterior and back to the
posterior.
(E) Quantification of the fluorescence intensity ra-
tio of GFP::ANI-1 and mCherry-membrane be-
tween the anterior and posterior of the QR.ap cell
in WT and mig-2 mutants (n = 10).
(F) Quantification of fluorescence intensity of
GFP::ANI-1 and mCherry-membrane across the
leading edge of the QR.ap cell in WT and mig-2
mutants.
(G) Distance between GFP::ANI-1 and plasma
membrane at the leading edge of WT and mig-2
mutants (n = 10).
See also Figure S5 and Tables S2 and S3.decades [1]. Our fluorescence time-lapse recording of A/PQR
neuronal development indicates a simple mechanism that deter-
mines the timing and position of sprouting dendrites: after the A/
PQR neuron reaches its destination, the cell body stops, but the
leading edge continues to move forward, transforming into
the growth cone that builds the dendrite (Movie S5). Thus, the
same molecular machinery (e.g., Anillin and RhoG) can regulate
both neuronal migration and neurite growth. However, the de-
fects of neurite growth and neuronal migration in ani-1 condi-
tional mutants can be separated as we examined the pheno-
types of neurite growth in neurons whose cell bodies are
correctly positioned (Figure 2D). Moreover, PVM/QL.paa does
notmigrate inWT animals, but 16%of PVM forms abnormal neu-1142 Current Biology 25, 1135–1145, May 4, 2015 ª2015 Elsevier Ltd All rights reservedrites in the absence of ANI-1, indicating
that Anillin can specifically regulate neu-
rite growth. In ani-1 conditional knockout
animals, the axon of PQR converts its
anterior growth toward the posterior (Fig-
ure 2D, right), indicating that Anillin is also
involved in axon guidance.
The dynamic localization of Anillin may
reflect its true behavior in live animals.
First, the lowest possible concentration
(2 ng/ml) of GFP::ANI-1 plasmid was
transformed; below this, no GFP could
be detected in transgenic C. elegans.
We are not aware of any obvious defects
in these animals. Second, the expression
of GFP::ANI-1 was driven by Pegl-17,which turns off before Q cell long-distancemigration [28]. Finally,
Q cells with a higher level of GFP::ANI-1 at the leading edge un-
dergo a longer and faster migration compared with Q cells with
lower GFP::ANI-1 enrichment that migrate more slowly or a
shorter distance (e.g., Q.ap versus Q.a) (Figures 1A–1C). Intrigu-
ingly, the Anillin expression was upregulated 20-fold in pancre-
atic cancers and 2- to 6-fold in brain tumors compared with
normal tissues [12, 22]. These correlative results suggest that
the localization and expression level of Anillin may contribute
to migration capacity during metazoan development and cancer
metastasis [12, 22]. RhoG plays essential roles in glioblastoma
cell invasion by facilitating cMet- and EGFR-stimulated signaling
pathways, andmutations or abnormal expression levels of Anillin
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Figure 7. Active MIG-2 Binds to Anillin, and
a Proposed Model
(A) Interaction between MIG-2 and ANI-1 in the
yeast two-hybrid system. Yeast transformants
that express both Gal4 DNA-binding domain-MIG-
2 WT or Q65L (constitutively active; CA) or T21N
(dominant negative; DN) mutant fusions and the
Gal4 transcription activation domain (AD)-ANI-1
C-terminal (759–1159) truncation fusion were
streaked on synthetic complete medium lacking
Trp and Leu (left) or lacking Trp, Leu, His, and Ade
(SC-4, right). Growth on SC-4 showed the inter-
action between the two tested proteins.
(B) Interaction between MIG-2-CA and ANI-1 in a
GST fusion protein pull-down assay. The binding
reactions containedGST-tagged ANI-1 C-terminal
(759–1159) protein or the control GST protein (top
two rows) and His-tagged WT MIG-2 or MIG-2-
CA. Shown are detections of His-MIG-2 and His-
MIG-2-CA by western blot.
(C) A proposed model of the roles of Anillin in
transducing the MIG-2 signal to stabilize the actin
cytoskeleton at the leading edge during Q cell
migration and neurite growth.
See also Tables S2 and S3.are also associated with cancer progression [7, 12, 22]. Our re-
sults regarding the function of RhoG-Anillin in cell migration
may provide some perspective about the cellular origin of cancer
metastasis.
Our results revealed a dynamic change in Anillin localization
during Q cell development. In the early development, Anillin is
concentrated in the nuclei during interphase. In the late stage,
Anillin remains cytoplasmic after mitosis and asymmetrically ac-
cumulates at the leading edge, which has not been previously
reported in migrating cells. Our early work demonstrated that
fast migrating Q cells have higher levels of MIG-2 than slow
migrating Q cells [24]. Given that Anillin is enriched at the lead-
ing edge in fast migrating Q cells, whereas slower migrating
cells have Anillin inside nuclei (Figures 1A–1C), the overall
MIG-2 protein levels appear to correlate with the distribution
of Anillin. Our study showed that either the loss of function or
the overexpression of Anillin perturbs Q cell migration, indi-
cating that cell migration seems to require a precise amount
of Anillin activity.Current Biology 25, 1135–1145, May 4, 2015 ªThis work expands the functional
repertoire of Anillin. Anillin was previously
thought to function primarily in cytoki-
nesis by organizing actomyosin contrac-
tile rings, and recent studies have uncov-
ered its roles outside of cell division. For
example, vertebrate Anillin was shown
to maintain cell-cell junction integrity by
regulating the distribution of Rho-GTP at
the junction and stabilizing the apical
actomyosin belt [20]. Although this study
demonstrated the ANI-1 is responsible
for the completion of cytokinesis, we
cannot exclude the possibility that ANI-1
may function prior to cytokinesis andcontribute to the polarity establishment during asymmetric cell
division. ani-1RNAi perturbed encasement of the ventral surface
of theC. elegans embryo by epidermal cells [21]. It was proposed
that the shape or position of the neuroblast directs ventral
epidermal cell migration, as the failure of ventral enclosure could
result from defects in neuroblast cytokinesis. Alternatively, ani-1
may function autonomously in epidermal cells [21]. Considering
the separate contributions of Anillin to Q neuroblast division and
migration, Anillin may independently regulate neuroblast cytoki-
nesis and epidermal cell migration in embryos. Since Phsp::Cas9
can mutate Anillin in Q cells and other somatic tissues, this strat-
egy may disrupt guidance cues and the extracellular matrix that
are essential for cell migration in vivo. Consistent with this notion,
the use of Phsp::Cas9 generated higher penetrance of Q cell
migration defects than Pegl-17::Cas9, suggesting a cell non-
autonomous function of Anillin in migration.
The mechanisms of Anillin action in cell migration appear to be
different from other processes. Myosin does not reside at the
leading edge of lamellipodium but generates a retrograde flow2015 Elsevier Ltd All rights reserved 1143
of actin in the lamellum for protrusion formation [30]. We propose
that Anillin regulates cell migration mainly by stabilizing actin fil-
aments independently of myosin. Consistently, the actin-binding
domain (ABD) of Anillin is sufficient to antagonize the F-actin
severing activity of Cofilin. Interestingly, myosin can be recruited
to the equator by Anillin when the dividing cells are treated with
Latrunculin A, indicating that Anillin regulates myosin behavior in
the absence of actin filaments [15]. The novel function of Anillin in
cell migration and neurite outgrowth suggests that similar molec-
ular strategies might be utilized to organize the actin cytoskel-
eton in diverse cellular events.
EXPERIMENTAL PROCEDURES
C. elegans Strains, Genetics, DNA Manipulations, and Molecular
Analysis
C. elegans strains were raised on NGM plates seeded with E. coli strain OP50
at 20C. Tables S1 and S2 are the primers, plasmids, and strains used in this
study. To make transgenic strains, we injected 1–20 ng/ml DNA into C. elegans
germlines. The sgRNA sequence was designed according to established
criteria [26]. T7 Endonuclease I assay was used to detect molecular lesions
in conditional knockout animals [26].
Live-Cell Imaging
L1 worms were anesthetized with 0.1 mmol/l levamisole in M9 buffer and
mounted on 3% agarose pads at 20C. Live-cell imaging was performed on
an Axio Observer Z1 microscope (Carl Zeiss MicroImaging) equipped with a
1003, 1.45 numerical aperture (NA) objective, an electron microscopy (EM)
charge-coupled device (CCD) camera (Andor iXon+ DU-897D-C00-#BV-
500), and the 488- and 568-nm lines of a Sapphire CW CDRH USB Laser
System attached to a spinning disk confocal scan head (Yokogawa CSU-X1
Spinning Disk Unit). Time-lapse images were acquired with exposure time of
300 ms at every 60 s by the mManager (https://www.micro-manager.org/)
and processed with ImageJ software.
Quantifications and Statistical Analysis
ImageJ software was used to circumscribe the fluorescence field andmeasure
the fluorescence intensity. We used the Student’s test and c2 analysis to deter-
mine the statistical differences as indicated in figure legends.
Yeast Two-Hybrid Analysis
The C-terminal fragment of ani-1 was cloned into pGADT7 vector, and mig-2,
mig-2 (Q65L), and mig-2 (T21N) were individually cloned into pGBKT7 vector.
The paired AD and BD constructs were transformed into the yeast strain
AH109 (Clontech), and the transformants were streaked on the interaction se-
lection media to score the growth.
GST Fusion Protein Pull-Down Assay
E. coli BL21 (DE3) was used to express GST, GST-ANI-1, His-MIG-2 or His-
MIG-2 (Q65L). Bacteria culture was disrupted and cleared. Supernatants of
His-MIG-2 or His-MIG-2 (Q65L) together with GST or GST-ANI-1 were incu-
bated with glutathione Sepharose 4B beads for protein pull-down assay.
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